We set up three experiments to test possible synergies between the two species. In the first 1 1 2 experiment we tested if killer shrimp had a preference for particular densities of zebra mussel; in 1 1 3 the second experiment we tested if killer shrimp had a preference for zebra mussel cover 1 1 4 compared to an artificial substrate; in the third experiment we tested if killer shrimp could detect 1 1 5 the presence of zebra mussel through chemical cues in the water. The killer shrimp used in the 1 1 6 tests had an average size of 16.8±0.9 mm and the water temperature during tests ranged between 1 1 7 15.4 °C and 16.2 °C. To test if killer shrimp had a preferred density of zebra mussel to settle on, we employed a 3L 1 2 3 tank (L25 x H 10 x W12 cm; Figure 2a ) divided into two equal sections, each with a different 1 2 4 density of zebra mussel (0, 33, 67, or 100% cover) , and an acclimatisation plastic cylinder in the 1 2 5 middle. Individual killer shrimp (n = 96) were allowed to acclimatise for five minutes in the 1 2 6 cylinder, then the cylinder was lifted and the position and behaviour (swimming or hiding) of the 1 2 7 shrimp after 20 minutes was recorded. We assumed that if the shrimp was hiding it meant it had 1 2 8 found a suitable substrate, whereas if it was still swimming it meant it was still looking for a 1 2 9 refuge. We tested the killer shrimp's binary choice over six matched densities (n = 16) of zebra 1 3 0 mussel: 0-33%, 0-66%, 0-100%, 33-66%, 33-100%, and 66-100% employing a total of 96 1 3 1 specimens, and allocating the densities to the left or right sides of the test arena at random. To test if the attraction of killer shrimp for zebra mussel-beds was simply related to the presence 1 3 5 of cover or to other factors (such as bio-deposited material) we compared preference for living 1 3 6 shells against either empty shells of zebra mussel or artificial grass (PE thickness 15mm) of 1 3 7 similar texture and extent of refuge . We used one killer shrimp per trial (n= 30), and then twenty 1 3 8 killer shrimp per trial (n = 80) to understand if substrate choice was affected by group dynamics. The experimental protocol was the same as in Experiment 1, but in this case each side of the test 1 4 0 arena afforded 50% cover and we used a 20 L test tank (L40 x H15 x W35 cm). To test if killer shrimp could chemically recognise the scent of zebra mussel we employed a 1 4 6 simplified version of the two-choice Perspex fluviarium used by Kroon (2005) in the preference 1 4 7 of another crustacean (Figure 2b ). The fluviarium consisted of an acclimatization chamber (L5 x 1 4 8 H6.5 x W5 cm) and two 0.3L choice chambers (L20 x H6.5 x W10 cm) with a total volume of 1 4 9 approximately 0.7L. We tested preferences against dechlorinated tap water (blank), water 1 5 0 scented with zebra mussel and Nile tilapia (Oreochromis niloticus) to control for possible 1 5 1 attraction to organic matter, as well as blank water vs blank water to control for chamber bias. Killer shrimp were allowed to acclimatize for five minutes, the valves connected to the two water 1 5 3 inlets were opened, the gate was lifted, and the time spent in each chamber was recorded for 15 1 5 4 minutes with a GoPro Hero camera. We compared the time spent in each arm as well as the 1 5 5 number of transitions between arms as a measure of activity. Scent drip dosage was adjusted at To prepare the scented water we placed either zebra mussels or fish (tilapia) in a tank 1 5 8 filled with dechlorinated water for 24 hours at a biomass of 50g/L. The fluviarium was drained, 1 5 9 cleaned with 90% ethanol and rinsed with fresh water between trials to remove potential 1 6 0 chemical cues that could affect the next experiment. We repeated the experiment with killer 1 6 1 shrimp originating from a population living in sympatry (Cardiff Bay, n = 60) or allopatry 1 6 2 (Margam, n = 60) with zebra mussels. All the zebra mussel came from Cardiff Bay. We used R 3.3 (R Core Team, 2017) for all analysis. In experiments 1 and 2, we used a 1 6 6 generalized linear model (GLM) with a binomial log-link to test if the number of killer shrimp in 1 6 7 9 the scented arm differed with treatment, and we then used a two-sided binomial test to assess if 1 6 8 there was a statistically significant preference for the high or low density (Exp 1) or different 1 6 9 substrate combinations (Exp 2) at each binary choice comparison. For experiment 3 (two-way 1 7 0 choice fluviarium), we used a linear model with time spent in the scented arm as the dependent 1 7 1 variable and origin (allopatry vs sympatry) and type of scent (blank, zebra mussel, tilapia) as the 1 7 2 predictors; we then used paired t-tests to assess which type of matched scent comparisons was 1 7 3 statistically significant. All experiments were carried out in accordance with Swansea University Ethical guidelines and 1 7 7
were approved by the Ethics Committee (300419/1557). Water removed from the system was 1 7 8 treated with bleach before disposing, to avoid accidental dispersion of zebra mussel larvae. Preference for zebra mussel varied depending on the densities being compared (χ 2 = 29.09, df = 1 8 3 1, P < 0.001; Figure 3 ). Killer shrimp showed a clear preference for the side of the tank with 1 8 4 zebra mussel when the alternative was a bare tank bottom (binomial proportion test: 0-33% P = 1 8 5 0.004; 0-66% P < 0.001; 0-100% P < 0.001). However, when both sides of the test arena had 1 8 6 different densities of zebra mussel there was no preference (binomial proportion test 33-66%, P 1 8 7 = 0.454; 66-100%, P =1.00) or preferred the lower density (33-100%, P = 0.004). After 20 1 8 8 minutes, the majority of killer shrimp (85/96 or 88.5%) were found to be hiding, rather than 1 8 9 swimming (binomial proportion test P <0.001) regardless of treatment (χ 2 = 1.745, df = 1, P = 1 9 0 0.883). When tested individually, killer shrimp did not prefer live zebra mussels over artificial grass 1 9 4 (binomial proportion test, P = 0.584), or over empty zebra mussel shells (binomial proportion 1 9 5 test, P = 0.200, Figure 4a ). The majority of individuals were found hiding (rather than 1 9 6 swimming), both when the comparison was against artificial grass (binomial proportion test, 1 9 7 83.3% P < 0.001) and also when there were empty shells (binomial proportion test, 76.6% P = 1 9 8 0.005). When the experiments were repeated with 20 shrimps per trial (4 trials or 80 shrimp), 2 0 0 killer shrimp strongly preferred the zebra mussel substrate over artificial grass (binomial 2 0 1 proportion test, P = 0.006) and also over empty shells (binomial proportion test, P = 0.006; 2 0 2 Figure 4b ). As before, at the end the trials the majority of individuals were hiding, both when the 2 0 3 11 comparison was against artificial grass (binomial proportion test, 77.5% P < 0.001) and also 2 0 4 against empty shells (binomial proportion test, 72.5% P = 0.006). No side preference was detected when killer shrimp were tested against blank water in both arms 2 0 8 of the 2-choice fluviarium, either in the sympatric (t 9 = 1.343, P = 0.212; Figure 5a ) or allopatric 2 0 9 killer shrimp populations (t 19 = -1.280, P = 0.216; Figure 5b ), indicating that there was no side 2 1 0 bias. When killer shrimp were tested against water conditioned with tilapia scent, no preference 2 1 1 was observed over blank water, either in sympatry (t 19 = 0.819, P = 0.423; Figure 5c ) or allopatry 2 1 2 (t 19 = -0.687, P = 0.500; Figure 5d ). However, when killer shrimp were tested against water 2 1 3 conditioned with zebra mussel scent, there was a strong chemical attraction to the zebra mussel 2 1 4 scent, both in the sympatric (t 27 = -2.176, P = 0.038; Figure 5e ) and allopatric population (t 19 = -2 1 5 2.614, P = 0.017; Figure 5f ). Chemical attraction for zebra mussel scent was equally strong in 2 1 6 the sympatric and allopatric populations (F 1,118 = 1.036, P = 0.311). The analysis of activity (measured as the number of transitions between arms) indicates that 2 1 8 activity was influenced by the type of test scent ( Figure 6 ), as killer shrimp made more changes 2 1 9 when both arms were dosed with blank water than when one arm was dosed with zebra mussel 2 2 0 scent (test , P = 0.002) or tilapia scent (P < 0.001). No difference in activity was observed 2 2 1 between the zebra mussel scent and the tilapia scent (P = 0.759). Overall, the sympatric 2 2 2 population made more choices and was more active than the allopatric population (P = 0.005). Our study provides experimental insights into the underlying reasons for the joint occurrence of 2 2 7 zebra mussel and the killer shrimp, two of the world's worst aquatic invaders (Lowe et al. 2000) .
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We found that killer shrimp showed a strong tendency for hiding in zebra mussel beds, and were 2 2 9 also chemically attracted to the scent of zebra mussels, which may facilitate their invasion. In our experiments, killer shrimp consistently avoided the empty side of the tank 2 3 1 (substrate coverage 0%) that did not afford any refuge, and generally preferred to settle on zebra 2 3 2 mussel beds, even when tested with blank water and without any threat of predation. The strong prefer larger substrates as they become older. In this sense, zebra mussel beds provide an ideal 2 4 5 refuge for juveniles and adults alike, because as the mussels grow the interstitial spaces also 2 4 6 become larger. The findings of Experiment 2, where we tested the preference of killer shrimp for zebra mussel 2 4 8 over other textured substrates, are more difficult to interpret as different results were obtained 2 4 9 depending on group size. When killer shrimp were tested singly, no preference was detected for 2 5 0 live zebra mussels over empty shells or artificial grass of similar texture, suggesting that 2 5 1 substrate preference was mainly governed by the availability of refuge, which previous However, when groups of twenty shrimp were tested, a strong preference for live zebra mussel 2 5 4 over other substrates was found, suggesting the existence of group behaviour (sociability) that shrimp tend to form aggregations, and these are thought to be advantageous and increase the although this may also be influenced by predation pressure (Dick et al. 1993) . Cannibalism in 2 6 4 killer shrimp does not appear to be so strong as to reduce the species' sociability, possibly One novel finding of our study was the strong chemical attraction shown by killer shrimp to the scent of live zebra mussels (or something associated with them), a response not seen to 2 6 9 blank water or the scent of non-predatory fish. Amphipods use chemical cues as their main form 2 7 0 14 of communicating between conspecifics (Thiel 2011), and also to recognize and avoid predators 2 7 1 (Wooster 1998), but chemical attraction to other species has, to our knowledge, not been 2 7 2 reported before. Chemical detection in amphipods is mediated mainly via specific sensillae Elwood 1990 (Cothran et al. 2013; Dick & Elwood 1990) . Chemical cues are also used by have been reported to use chemical cues to recognize and avoid potential predators such as the , and our study shows they can also use chemical cues to find zebra mussels that The preference for zebra mussel beds shown by the killer shrimp (at least when they are 2 8 7 tested in groups), and the fact that they are strongly attracted to the zebra mussel scent, suggests dragonfly which in turn preyed on bullfrog tadpoles (Adams et al. 2003) . Similarly, predation 2 9 5 by an invasive crab on a large native clam resulted in the spread of a smaller invasive clam due 2 9 6 to competitive release (Grosholz 2005) . Our study indicates that chemical attraction by the killer 2 9 7 shrimp to the zebra mussel scent was as strong under sympatric as it was under allopatric 2 9 8
conditions, suggesting this is not a recently acquired or learned trait, but rather an older 2 9 9 behavioural adaptation. However, the absence of population replication (it is very difficult to 3 0 0 find populations of killer shrimp that do not coexist with zebra mussel) makes it difficult to draw 3 0 1 firm conclusions and would warrant further studies. In general, mutualist interactions are less well studied than competitive ones (Simberloff the key for more effective control of new invasions. Given the strong preference for settling on 2008) -including not just refuge, but also benthic organic matter that can be a source of food 3 0 9 (Ricciardi et al. 1997; Stewart et al. 1998b) , chemical attraction may help understand synergies 3 1 0 between these two invasive species. Chemical attraction may need to be taken into account in the 3 1 1 study of patterns of distribution of these two invasive species, since the presence of zebra mussel 3 1 2 could make the killer shrimp more likely to become established, and hence a more successful shrimp and information on the presence of zebra mussel could help make more accurate 3 1 9
predictions of the likely spread of killer shrimp. This is of particular concern when the species is 3 2 0 a recent invader since there is typically insufficient information to predict areas at risk or to invasive species in isolation, making no allowance for invasion facilitation. Our study suggests 3 2 9 that information on the presence of zebra mussel should be incorporated into risk maps and 3 3 0 models of killer shrimp dispersal, because ignoring chemical attraction will likely underestimate 3 3 1 the extent and consequences of invasion facilitation. 100% tank cover). different scents (blank water, tilapia scent, zebra mussel scent). conditioned with different scents (blank water, tilapia scent, zebra mussel scent). 
